The objective of this study is to find the effective stiffness and compressive strengths of a unit-cell pinwheel truss and double pinwheel truss model designed following a double helical geometry similar to that of the DNA (deoxyribonucleic acid) structure in biology. The ideal solution for their derived relative density is correlated with a ratio of the truss thickness and length. To validate the relative stiffness or relative strength, ABAQUS software is used for the computational model analysis on five models having a different size of truss diameter from 1mm to 5mm. Applied material properties are stainless steel type 304. The boundary conditions applied were fixed bottom and 5 mm downward displacement. It was assumed that the width, length, and height are all equal. Consequently, it is found that the truss model has a lower effective stiffness and a lower effective yielding strength.
Introduction
Lightweight models such as honeycomb, open cell, closed cell have been studying more and more in these days. For decades, scientists and researchers have been attempting to find or create an advanced model. At present, the truss model shows promise as a structure for creating a lightweight model with effective heat protection structure or high strength. For example, the metallic micro-lattice is one of the lattice structures developed [1] which is strong, of low density, stiff, and lightweight [2, 3, 4] . The development of lattice structures is an interesting subject.
For a long time, scientists have been attempting to create a new lattice model which is lightweight, of low density, and stiff. However, none of these studies considered applying biological concepts such as the DNA's duplex helix for designing a truss model. The DNA structure was discovered by James D. Watson in 1968 . The idea of developing a double helix truss (DHT) model was inspired by the double helix structure of a nucleic acid in molecular biology. The double helix structure is shown in Fig. 1 [5] . The double helix configuration can be applied in several fields of science and engineering. In the mechanical engineering field, a well-known example is the helix bridge in Singapore. It is the first bridge in the world to use the helix shape as part of its structural design. The function of the helical shape is to provide multiple supports across the gap as shown in Fig. 2 [6, 7] .
The other examples of the application of the double helix are the crystal structure of a folded molecular helix [8] , a natural left-handed helix created by a climber plant [9] , a charged particle in a uniform magnetic field follow ing a helical path [10] , a helical coil spring [11] , an iso truss carbon fiber light weight bicycle [12] , mascara (which is a cosmetic product) [13] , screw propeller in the ship industry, stair case in architecture, screw pump, etc.
[ Fig. 1 ] Double helix structure [3, 14] The double helical structure is not suitable for application in the development of a unit-cell model of open-cell periodic cellular solid structures such as metallic micro-lattices. In addition, the configuration of the DNA is not enough to be studied for an effective stiffness or effective strength about the open-cell periodic cellular solids based on the general helical geometry. Thus, we decided to develop a new unit-cell model based on the double helical structure and to validate with structural analysis [15.16,17] .
[ Fig. 2 ] Helix Bridge in Singapore [5, 8, 18] The objective is to develop a double helical structure with high stiffness, high strength, and high energy absorption capability similar to a lattice model or a lightweight structure. The disadvantage that this structure is likely to have are its bending/buckling behavior at points that cannot be predetermined and the high level of intricacy involved in the development of a realistic unit model based on the helical structure, which is likely to have a complex structure. Moreover, to create a specimen manually is difficult.
This study is focused on developing an advanced ideal solution incorporating the double helical structure. Therefore, this study defines a unit-cell model created on the basis of the helical structure which is a neo development and obtains the effective stiffness or effective strength. In addition, the model is validated using Gibson-Ashby's ideal solution.
2. Background 2.1 General helix geometry [12] and fundamental idea [Fig. 3] General helix geometry A general helix geometry is based on the equations given below: x=rcos(t) (1) y=rsin(t) (2) z=P θ/2π (3) α=P/2πr (4) ω=L/P (5) where t varies from 0 to π over the length of the bridge, r is the radius, and list heleng th of the bridge As shown in the figure, the helical geometry can have several parameters and has a circular configuration. Thus, because the helical geometry is complex, it approximates the unit model of the double helical geometry with a rod beam to derive its relative density.
Thus, using the basic model shown in Fig. 4 , this approximation creates a new type of structure, which is shown in Fig. 5 , and is defined as a pinwheel truss model. 
V s =V Vertical +V horizontal +V helix (7) V Vertical = ((πd 2 )/4)5H
If L=W=H=l, where l is a common parameter, then
where C is a constant and d is a thickness of truss.
Thus, relative density is correlated with the ratio of wire diameter to the width, length, or height when all of these are equal to a constant l. Fig. 6 shows the model of a double pinwheel truss which is equivalent to that in Fig. 4 . Fig. 7 is a pinwheel truss model from three different views such as isotropic view, top view, left view, and right view. Essentially, the double pinwheel truss is made of two layers of a pinwheel truss in the vertical direction. In Fig. 6 , the top trusses are placed on crossed struts in the middle, which are colored blue, and the top part mirrors the bottom trusses. In addition, the pinwheel truss structure shown in Fig. 6 is composed of two of pinwheel truss structures that are vertically mirrored. Therefore, a stiffness and strength for the unit cell of the double pinwheel and a single pinwheel structure can be expected ideal solutions. 
Relative elastic modulus
The relative modulus is based on an ideal solution defined by Gibson-Ashby [19] , i.e., the modulus is proportional to an exponent of the relative density. However, the exponent of the relative density depends upon the type of the unit cell or the applied material property. Thus, relative modulus is correlated with the ratio of density to the exponent of n. E * /E s =C 1 (ρ * /ρ s ) n (15) where n=2 for rectangular truss model, is an elastic modulus for the model, is an elastic modulus of the applied material ρ* is a density of foam itself, ρ s is a density of the applied material, and C 1 are constant. In the equation, when the value of the exponent is 2, the unit cell type is an open-cell truss structure having the shape of a regular hexahedron. Thus, based on the equation, we can predict the effective stiffness of a single pinwheel or a double pinwheel truss using finite element analysis, which can find the value of the exponent for the pinwheel truss model.
Relative strength
To predict the effective compressive strength of a cubic truss model, we use an equation derived from the open cell created by Gibson-Ashby. σ * /σ s =C 2 (ρ * /ρ s ) n (16) where n is the value of the exponent for a rectangular truss model, σ * is a compressive yield strength of the model, σ s is a compressive yield strength of the applied material, ρ* is a density of foam itself, ρ s is a density of the applied material, and C 2 is a constant. That is, the value of the exponent depends on the shape of the unit cell model. For example, when the value of the exponent is 1.5, the shape of the unit cell is that of a cubic truss. Thus, by varying the exponent, we can predict the effective strength using finite element analysis on a pinwheel truss or a double pinwheel truss.
Relative strength at 25% strain
In addition, using the same equation, we can predict the effective strength at 25% elongation. Thus, equation (16) is to be modified as equation (17) . σ 0. 25 /σ s =C 3 (ρ * /ρ s ) n (17) where n is a number of exponent for rectangular truss model, σ 0. 25 is the normal plastic collapse occurs at 25% strain and C 3 are constant. When n is 1.5, the unit-cell model has the shape of a regular hexahedron. Thus, we can predict the effective strength of a pinwheel truss or a laminated pinwheel truss at 25% strain.
[ Fig. 8 ] Double pinwheel truss defined as fourfold helical truss as top view 3. Simulation
Quasi static compression
We used ABAQUS v6.11 software for finite element analysis. For simple finite element analysis of a helical truss model having a curvature line, we assume the helical truss to be a straight strut. The fourfold helical truss model is made of two pinwheel trusses, i.e., the bottom pinwheel truss is connected to the top pinwheel truss, which is rotated by 45°about a center bar along the z-axis as shown in Fig. 9 .
Unit model
Applied model is five kinds depending on a size of truss diameter, d, is ranged from 1mm to 5mm as 1mm increment. The width, length, and height are fixed as 20mm for the fourfold truss model shown in Fig.9 . Thus, for the pinwheel truss model, the applied length and width are equal to 20mm. However, the height is 20mm, because it is half the height of the fourfold truss model shown in Fig.10 .
Meshing
The applied general conditions are listed in Table 1 The applied mesh type is C3D10, and each model has a different total number of nodes and elements, which are listed in Table 2 . Each model, of different diameters including 1 mm, 2 mm, 3 mm, 4 mm, and 5 mm, has a different total number of nodes and elements. In addition, to analyze each model, the size of the increments varies from 0.5 mm to 1.3 mm. Thus, the maximum number of increment steps is 1000, when increment size is 0.1.The size of the increment is ranged from 1e-5 as minimum to 0.1 as maximum.
<Table 2> Applied nodes and elements
Diameter d (mm) Nodes Elements Size of increment (mm) 1 58,845 33,133 0.5 2 33,064 18,891 1.1 3 35,825 21,529 1.2 4 38,822 23,768 1.2 5 40,294 25,030 1.3
Boundary condition
The applied boundary condition is simple-the bottom surface is fixed and the top surface moves downward by 5 mm (vertical direction). This is used to measure the reaction force at the bottom. Fig. 11 shows the pinwheel model and the boundary condition. Rotation over both the top and bottom surfaces is free.
Simulation for elastic and yielding stress
An analysis of computational models as five different configurations is shown. Basically, simulated models are of different truss diameters-1 mm thru 5 mm-within a space that is fixed at 4 mm.
As can be observed in each figure, the common result among the five models is that the straight vertical truss displays maximum stress while the middle trusses display different distributions of stress. In other words, as the vertical truss deforms, the middle trusses provide support for it to resist this deformation. The main reason behind this is the size of the space. For example, Fig. 12(a) shows the vertical truss as having a stress distribution while the middle trusses do not show as having many stress distributions. Fig. 12(b) to (e) show the middle trusses to have widely spread stress distributions. This indicates that as diameter increases, stress distributions spread widely, i.e., the space size is reduced as diameter increases for a fixed length. Thus, Fig. 13 shows the effective stress as a function of effective strain. As wire diameter increases, the effective stress, elastic modulus, and yielding strength increase.
[ Fig. 11 ] Maximum compressive yielding stress for pinwheel truss: (a) d=1mm; (b) d=2mm; (c) d=3mm; (d) d=4mm; (e) d=5mm.
[ Fig. 12 ] Effective Strain-Stress curve
Simulation for ultimate strength
We conducted simulation for measuring the ultimate strength of the five models of truss diameters varying from 1 mm thru 5 mm as shown in Figure 14 (a) thru (e). At the ultimate strength of all the models, both the vertical trusses and middle trusses are bent. In addition, middle trusses are twisted and moved circularly. Moreover, in all the models, stress is spread over both the vertical and middle sections. The reaction force as a function of displacement is shown in Fig. 15 . As truss diameter increases, the reaction force increases.
[ Fig. 14] Reaction as a function of displacement
Experimental Assessment
To verify the ideal solution of the pinwheel unit model, the five computational models are tested using ABAQUS software.
Essentially, the relative modulus and relative compressive yielding strength are correlated with relative density following Gibson-Ashby theory. Each model has a different diameter from 1-5 mm. In the simulation testing, the elastic modulus, compressive yielding strength, and compressive strength at 25% strain for each are determined. Based on these parameters, the relative modulus, relative compressive yielding strength, and relative compressive strength at plastic range for each model are calculated and summarized in Table 3 .
It can be observed that as diameter increases, the relative modulus, relative compressive yielding strength, and relative compressive strength in the plastic range increase.
Results
Using the simulation, the model of the pinwheel truss unit shape is tested. It is observed that the values of elastic modulus, compressive strength at yielding, and compressive strength in the plastic range are corrected by computational analysis. For each model, of the pinwheel, these parameters are plotted on a log-log scale and compared with the ideal solution provided by Gibson-Ashby. In the ideal solution by Gibson-Ashby, the relative elastic modulus is correlated with the relative density using the second power law. The relative strength is correlated with the relative density as three over two in the power law. This is shown as a solid line in Fig. 15 for the relative Young's modulus, Fig. 16 for the relative compressive yielding strength, and Fig. 17 for the relative compressive strength at 25% strain. The simulated results for the pinwheel truss models shown in Figs. 15-17 are defined as the rectangular dot shape. In the case of the fourfold truss, the simulated results shown in Figs. 15-17 are defined as the diamond dot shape. The relative Young's modulus as a function of relative density is shown in Fig. 15 . The ideal solution obtained for the fourfold truss models is such that the relative Young's modulus is equal to the constants multiplied by the relative density raised to the power 1.34. The pinwheel truss models proved that the relative Young's modulus is correlated to constants multiplied to the relative density to the power 1.1. Thus, both models show a lower elasticity than that of the ideal solution of Gibson-Ashby. The relative compressive yielding strength as a function of relative density is shown in Fig. 16 . The ideal solution obtained for the fourfold truss models is such that the relative Young's modulus is equal to the constants multiplied by the relative density raised to the power 0.83.
[ Fig. 15 ] Relative Young's modulus as a function of relative density
The pinwheel truss models prove that the relative Young's modulus is correlated to the constants multiplied by the relative density raised to the power 1.1. Thus, both the models display a slightly lower compressive yielding strength than that of the ideal solution of Gibson-Ashby. The relative compressive strength at 25% strain as a function of the relative density is shown in Fig. 17 . The ideal solution obtained for the fourfold truss models is such that the relative compressive strength at 25% strain is equal to the constants multiplied by the relative density raised to the power 1.17.
The pinwheel truss models prove that the relative compressive strength at 25% strain is correlated to the constants multiplied to the relative density raised to the power 1.71. Thus, the fourfold truss models display a slightly lower compressive strength than that of the ideal solution of Gibson-Ashby. However, the pinwheel truss models display a higher compressive strength than that of the ideal solution of Gibson-Ashby. We have analyzed a pinwheel truss model to measure its three characteristics relative modulus, relative compressive yielding strength, and relative compressive strength at 25% strain. The main aim of the analysis is to validate the pinwheel truss models by comparing them to Gibson-Ashby's ideal solution with regard to the three characteristics. From the analysis of the relative elastic modulus, we determined that the pinwheel truss model has a lower elasticity than that of the ideal solution of Gibson-Ashby. The main reason behind this result is that the outer vertical truss of the pinwheel can easily bend to support the stress applied over the top surface and follows a rotational movement for a thicker truss diameter. This implies that the pinwheel model begins to move in one direction in a manner similar to a pinwheel movement. Essentially, if stress is applied over the top surface, it will initially impact the pinwheel truss at the outer vertical truss. Then, the applied stress shifts to the middle truss. The middle truss is set downward in the shape of a pinwheel.
Therefore, the truss is called a pinwheel truss model. With respect to the relative yielding strength, the pinwheel truss model also displays a compressive yielding strength lower than that of the ideal solution. The main reason behind this is similar to that in the previous description about relative modulus. The outer truss can be affected initially. In the following stage, the middle point connected with the horizontal truss begins to bend. Therefore, we conclude that the compressive yielding strength is lower. Lastly, the relative strength at 25% strain displays a value higher than that of the ideal solution. The main reason behind this is that the strength in the 25% plastic range can have a higher value as the truss diameter increases within the constant space size. The middle trusses also bend and buckled at the same time. Thus, the relative compressive strength in the plastic range displays a value higher than that of the ideal solution based on the theory of Gibson-Ashby. Using the finite element model analysis, we can predict that the exponent of the relative density of the pinwheel truss model when correlated with its relative elastic modulus is approximately 1.1. This implies that the truss model has an effective stiffness similar to that of a honeycomb structure, i.e., the effective stiffness of the honeycomb structure is 1 and that of the pinwheel truss model is approximately 1. Moreover, a pinwheel truss can have a higher effective stiffness than that of a double pinwheel truss as truss thickness increases. The effective strength of the double pinwheel truss at initial yielding point is also correlated with the relative density by approximately 1.1. This indicates that the double pinwheel truss model may have strength approximately equal to that of the honeycomb. Moreover, the effective initial yield strength of the truss is higher than that of the pinwheel truss as truss thickness increases. The effective strength at 25% strain, the plastic strength, is correlated with an exponent of the relative density of about 1.7. This means that the truss model has an effective strength approximately equal to that of an open-cell rectangular model defined by Gibson and Ashby. Essentially, we have determined that the truss model has a lower effective stiffness and a lower effective yielding strength. However, the truss model has a higher effective strength at the field of plasticity.
Conclusions
The idea of a pinwheel truss model is derived from the double helix structure of the DNA. It is the result of a fusion between engineering analysis and biological concept. As can be observed from the previous results, the pinwheel truss model does not possess a reasonably high elasticity and compressive yielding strength. However, it possesses a better compressive strength in the field of plasticity. Therefore, the pinwheel truss structure needs to be developed further to obtain higher effective elasticity and effective yielding strength. In future, it is hoped that real models made using advanced technology such as 3D printing [20, 21, 22] will be developed and that they will undergo precision testing. Moreover, the pinwheel truss model can be developed for application in a sandwich core and the Aerospace or ship manufacturing industry. It is hope that biological concpets converged with a new open cell structure can be developed more and more [23] .
